The purpose of this study is to compare the clearance rate (CR) and intake rate (IR) of juvenile purple clam, Saxidomus purpuratus when feeding on different unialgal diet of red tide dinoflagellates (RTDs), and to know what is the most important cell characteristic of RTDs to cause the differences in feeding parameters. Experiments were performed to measure the CR and IR of juvenile S. purpuratus as a function of algal concentration when food was either the standard food, Isochrysis galbana or one of 9 RTDs. Patterns of CR with increasing algal concentration were similar among different RTDs. The highest C max was observed when S. purpuratus was feeding on A. affine, while the lowest on C. polykrikoides. The patterns of IR with increasing algal concentration were also similar among different RTDs. However, there were great differences in the maximum value of IR (I max ) among different RTDs. The highest I max was observed when S. purpuratus was feeding on A. carterae, while the lowest on G. catenatum. Some RTDs similar in size showed different C max . Other RTDs different in size showed similar I max . Life form of each RTD affected significantly the I max , which was higher for single-celled RTDs than chain-forming RTDs. There were no significant differences in feeding parameters between toxic and nontoxic RTDs. Moreover, a toxic dinoflagellate, A. carterae recorded the highest I max among RTDs. The most important characteristic of RTD as a factor affecting the feeding rate of S. purpuratus was life form, not size or toxicity of RTD species.
INTRODUCTION
The purple clam, Saxidomus purpuratus (Class Bivalvia, Family Veneridae) is a suspension-feeding bivalve and one of the most important food resources for human. Its natural distribution is restricted to the coasts of China, Japan, and Korea. It inhabits the soft bottoms with silty sand from intertidal to subtidal zones to a depth of ca. 20 m (Choe et al., 1999) .
Recently, commercial interest in this species has increased with strong demands and high prices. The commercial yields from the traditional exploitation by divers have been declining due to over-harvesting.
Moreover, the main catch fields of this species often suffer from severe harmful algal blooms. The severity of algal blooms and the damages to coastal ecosystem are fluctuating. Most of marine harmful algal blooms (red tide) are dominated by dinoflagellates. Massive blooms of dinoflagellates have often caused large-scale mortalities of shellfishes in aquafarms (e.g. ECOHAB, 1995) . Thus, there have been many studies on the effects of red tide dinoflagellates (RTDs) on shellfish populations (Widdows et al., 1979; Nielsen and Strømgren, 1991; Lesser and Shumway, 1993; Luckenbach et al., 1993; Matsuyama et al., 1997; Li et al., 2001; Lee, 2003; Lee et al., 2003 Mean equivalent spherical diameter (ESD) of each alga was measured by a PAMAS-SVSS particle (Riisgård, 1988) counter. The number of measured cells was more than . The carbon content was estimated from cell volume according to Strathmann (1967) .
Feeding Experiments
Experiments were designed to determine the clearance rate (CR) and intake rate (IR) of S.
purpuratus as a function of the algal concentration when clams were feeding on unialgal diet of either the standard food (I. galbana) or the RTD. The concentration range of each alga was determined from preliminary experiments so that the typical functional responses for both CR and IR could be obtained (Table 1) . Three 100-mL polyethylene beakers for each concentration were used as experimental 
Clearance rate and intake rate
The clearance rate (CR, L/g/hr) was calculated using the equation of Coughlan (1969) as:
where V is the volume of algal suspension (L), C 0 is the initial concentration (mgC/L), C t is the final concentration (mgC/L), FDW is the flesh dry weight of S. purpuratus (g), and t is the incubation time (hr).
To determine the functional response of the CR of S.
purpuratus to the algal concentration, the data were fitted to an exponential equation ( Fig. 1 ) (Riisgård, 1988) as: 
Since we did not measure the rate of pseudofeaces production, the intake rate (IR, mgC/g/hr) was The general relationship between algal concentration and intake rate of bivalves expressed by the Michaelis-Menten equation (Båmstedt et al., 2000) calculated (Foster-Smith, 1975; Coutteau et al., 1994) instead of the ingestion rate as:
To determine the functional response of the IR of S. purpuratus to the algal concentration, the data were fitted to the Michaelis-Menten equation (Fig. 2 ) (Crawley, 1975; Båmstedt et al., 2000) as:
where I max is asymptotic maximum IR and K IR is the half-saturation constant, i.e. the algal concentration where IR = I max / 2.
Statistical analyses
The CR and the IR data among different algal concentrations of each RTD were compared by one-way analysis of variance (ANOVA) on SPSS program. Multiple comparisons were conducted using Tukey's HSD (Zar, 1984) . Before the statistical
analyses, the data were tested for normality and homogeneity of variance. If at least one of the above ANOVA requirements was not met, the data were log 10 transformed, then ANOVA was repeated. For all ANOVA, a significance level of α = 0.05 was used.
RESULTS AND DISCUSSION

Feeding rates on standard food
Clearance rate (CR, mean ± SD) of juvenile Saxidomus purpuratus when feeding on unialgal diet of the standard food (Isochrysis galbana) ranged from 1.7 ± 0.3 to 13.7 ± 1.1 L/g/hr (Fig. 3A) . Algal concentration affected significantly the CR (F = 9.46, p = 0.001). As algal concentration increased from 1.0 to 3.5 mgC/L, the CR increased rapidly. But, after reaching the maximum, it decreased significantly as algal concentration increased from 3.5 to 15.9 mgC/L (p = 0.028). It was lowest when algal concentration was highest. Reduction in clearance rate with increasing algal concentration is known as a general phenomenon (Bayne et al., 1976) . Multiple comparison showed that there were no significant differences in CR when algal concentration was 15.6 to 54.6 mgC/L (p = 0.478). When CR data were fitted to the equation (2), the maximum CR (C max ) was estimated as 15.2 L/g/hr, which is in good accordance with Lee et al. (2002) .
Intake rate (IR, mean ± SD) of juvenile S.
purpuratus when feeding on unialgal diet of the standard food (I. galbana) ranged from 9.4 ± 2.2 to 98.5 ± 27.8 mgC/g/hr ( 
Feeding rates on red tide dinoflagellates
In general, patterns of CR with increasing algal concentration for all of 9 RTDs were quite similar to that for the standard food (Fig. 4) . CR increased rapidly at lower range of algal concentration, reached maximum, and then decreased gradually as algal The parameter a estimated from fitting equation (2) indicates the magnitude of CR for each food species.
This value for RTDs ranged from 1.3 to 53.4 ( were slightly higher than that for the standard food (15.2 L/g/hr) ( Table 2 ). On the other hand, C max for chain-forming species, G. catenatum and C.
polykrikoides were relatively lower than that for other species. The lowest C max was found when S.
purpuratus was feeding on C. polykrikoides (4.9 L/g/hr).
The general patterns of IR with increasing algal concentration for all of 9 RTDs were also similar to that for the standard food (Fig. 5) . It increased rapidly at lower range of algal concentration, and then was saturated as algal concentration increased further. However, the intake rate among different RTDs was highly variable.
The parameter I max estimated from fitting equation (5) indicates the theoretical maximum of intake rate for each food species. There was more than 40-fold difference in the I max among RTDs ranging from 1.6 Table 2 . Feeding parameters of juvenile Saxidomus purpuratus when feeding on unialgal diet of either the standard food (Isochrysis galbana) or one of the red tide dinoflagellate. Parameters are a (magnitude of overall clearance rate), b (algal concentration at C max , mgC/L) C max (maximum clearance rate, L/g/hr), I max (maximum intake rate, mgC/g/hr), and K IR (algal concentration when the intake rate is 1/2 of I max , mgC/L). to 64.8 mgC/g/hr ( 
galbana.
Since there were similarities among estimated parameters from fitting equations (2) and (5) Table 3 . Pearson's correlation coefficients among feeding parameters of juvenile Saxidomus purpuratus when feeding on unialgal diet of red tide dinoflagellates. Values with asterisks indicate that correlation is significant (p < 0.01). can sufficiently represent and explain the trends of other parameters. In this study, I max was selected as a representative parameter for further discussion, because it has the physiological information on maximum potential of intake rate of S. purpuratus for a given food species. Meanwhile C max showed no correlation with other parameters, so it can be treated as an independent parameter. Sprung and Ross (1988) suggested the ratio between maximum intake rate and maximum clearance rate as the "incipient limiting concentration (ILC)" around which the major change in functional responses occur. The ILC also provides the information on how much a bivalve can tolerate with increasing food concentration. In our data, the ILC concentration for RTDs lied between 0.23 and 3.62 mgC/L which is ca. 3.2-51% of that for I. galbana
It is regarded that better food has higher ILC. The ILC for RTDs in this study can be arranged as (in descending order); A. carterae > L.
affine > G. catenatum. Generally, single celled RTDs showed higher ILC, while chain-forming RTDs showed lower ILC. (Fig. 6A ). There was a 3.8 fold difference between A. affine and C. polykrikoides.
Factors affecting feeding parameters
This pattern was also found in I max . A. carterae and P.
minimum were similar in cell size (13 -16 μm in ESD), but there was a 5.5 fold difference in I max between two species (Fig. 6B) . On the other hand, we could find RTDs with different cell size showing similar I max . L. polyedrum (37.9 μm) and S. trochoidea (25.1 μm) were 2-and 3-times larger than P. minimum (12.9 μm), but differences in I max of these three species were less than 1.3 fold (Fig 6B) . Sprung and Rose (1988) reported the relationship between the size of food particle and the clearance rate of bivalve. They observed that the clearance rate of Dreissena polymorpha was nearly zero when food particle was less then 0.7 μm, increased as particle size increased within the range of 0.7 to 5 mm, and nearly constant when food particle was in the range of 5-35 μm. The size range of RTDs in this study is 13-38 μm, which is overlapping the last category of Sprung and Rose (1988) , indicating that size effect on clearance rate is negligible. Shumway et al. (1997) measured the clearance rate of 3 juvenile scallops with different size of food particles, and reported that there was optimal range in the size of food particle respectively. They also reported that the clearance rate of P. magellanicus decreased when food particle was larger than 8 μm. According to them, all the RTDs in this study were much larger than the threshold cell size so that the lower clearance rate than that for I. galbana (4.5 μm) could be explained. accordance with Lee et al. (2003) . RTDs. There were no significant differences in both C max and I max between nontoxic and toxic RTDs.
Although not statistically significant, both parameters for toxic RTDs were numerically higher than nontoxic
RTDs. Moreover, a toxic dinoflagellate, A. carterae recorded the highest I max among RTDs (see Table 2 ).
Higher mean C max and I max are mainly contributed by those of A. carterae. This indicates that the toxicity did not affect the feeding activity of S. purpuratus.
It is noticeable that the highest I max was found in toxic A. carterae. This species is known to produce hemolytic compounds (Nayak et al., 1997) . Though not reported in Korean coastal waters, A. carterae is found in Japan, New Zealand, Australia, Canada, UK, and USA (Anderson, et al., 1995) . Red tides dominated by A. carterae killed fishes (Yasumoto, 1990) . The toxicity was reported as 1 MU/1.3 × 10 8 cells (Jeong et al., 2001) . Nevertheless this species turned out to be the most favorable food among RTDs in this study. Lee (2003) studied the effects of RTDs on the survival and growth of larvae of Mytilus galloprovincialis and found no lethal effect of A.
carterae, although it showed significant inhibition on growth. Jeong et al. (2001) Whether a bivalve has preference between nontoxic and toxic algal food is not generalized so far. Matsuyama et al. (1997) affected by the presence or absence of toxicity of algae seems to be species-specific (of bivalve). S. purpuratus seems to belong to the group that has no preference between toxic and nontoxic RTDs. Therefore, the most important characteristic of RTD as a factor affecting the feeding rate of S. purpuratus is life form, not size or toxicity of RTD species.
